VoLUME 27, NUMBER 16 PHYSICAL REVIEW LETTERS 18 OcTOoBER 1971

it is possible for a transition involving an s-state core level to have a divergent threshold behavior for
APS and not for the x-ray case.

In conclusion we note that many simplifying physical assumptions are embodied in the model Hamil-
tonian and just as in the x-ray case,” additional effects may tend to smear the threshold behavior.
However, the contrasts between APS and x-ray threshold behavior hopefully will encourage experimen-
tal tests of the predictions of the model.

I would like to thank L. Dworin for a critical reading of this manuscript and I am grateful to P. No-
ziéres and to D. C. Langreth for calling Ref. 20 to my attention.
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The electron states of amorphous and single-crystal trigonal selenium were investi-
gated by high-resolution photoemission spectroscopy. Structures due to a high density
of states 0.2 eV below and 6.9 eV above the valence-band edge for crystalline Se are ab-
sent in the amorphous phase, but structures due to deeper valence-band density-of-
states features remain. The results provide the first direct evidence for disorder ef-
fects on the Se valence and conduction bands and agree with calculations for amorphous
Se using a pseudopotential formalism.

There have been a number of band-structure method. A pseudopotential formalism was also
calculations for trigonal selenium, the most adopted recently by Kramer and co-workers?-¢
recent due to Sandrock® using the pseudopotential in their approach to the problem of calculating
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the electron states of the amorphous phase of T .
selenium. In all of these studies calculations v rorat ]
were made of the imaginary part €, of the di- | o sucES 1o

electric constant, and a comparison was made
with the optically determined spectrum of ¢,.®
The agreement has been good in the case of the
pseudopotential calculations for both the trigonal
and the amorphous phase. The disadvantage of
using €, experimental determinations for a com-
parison with theoretical calculations is, of course,
the inherent uncertainty which lies in assigning
the observed transition energies relative to the
valence-band edge. This problem is overcome
by using the photoemission technique which is
particularly attractive when attempting to com-
pare the changes in energy levels which accom-
pany the transformation from the crystalline to
the disordered state.

It is difficult to assign accurately the peaks in
the photoelectron energy distributions resulting
from high density of states (DOS) to particular
regions in k space from the band structure alone
because of the rather flat bands of selenium.
Therefore it is desirable to calculate the DOS
itself. This calculation has already been per-
formed for crystalline Se,® including contribu-
tions from different regions in the Brillouin zone
[Fig. 1(a)]. For amorphous Se we can use the
following equation®*:

namorph(E) NEmfd:;k IIn[E - em(ﬁ)]_l,

where em(E)=Em(E)+ ir',(K) denotes the complex
energy appearing in the complex band structure
of the amorphous phase.® The real part of the
energy is approximately the same as for crystal-
line Se. The imaginary part of the energy is
nearly independent of k. Therefore we can per-
form the calculation by lifetime-broadening of
the crystal contributions to the DOS using aver-
aged imaginary parts of the energy. The result
is shown in Fig. 1(b). We notice that certain
sharp structures in the DOS are smoothed out in
the amorphous case.

The experimental techniques used in this study
of the second derivative of the photoelectron en-
ergy distribution curves (EDC’s) have been dis-
cussed elsewhere.” With these techniques the
resolution is improved by a factor of approxi-
mately 5 compared with conventional EDC mea-
surements® using, for instance, a 0.3-V modula-
tion amplitude in both cases. Throughout the
actual measurements the energy resolution was
between 50 and 150 meV. The results for tri-
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FIG. 1. Density of states of Se. (a) Crysj:}alline case,
total DOS and contributions from different k regions;
(b) amorphous case, calculated by using the imaginary
parts of energy from Ref. 3. The comparison with the
crystalline DOS and the complex band structure shows
that the vanishing of peaks 1, and 2. is due to relative-
ly large imaginary parts of energy in the respective
k regions. The large arrows denote the positions of
structures observed in the photoemission spectra (see
Fig. 2). The small arrows refer to weak structures in
the s-like upper conduction band, which can be related
to two substructures at §=6.7 and 7.4 eV occurring in
the range hv="7.3—8.0 eV in Fig. 2.

gonal selenium were obtained from the (1010)
face of single crystals. Cleaving was carried
out in a vacuum of 5x10-! Torr using the ar-
rangement described earlier.® The amorphous
films were evaporated onto flame-polished silica
substrates provided with silver side contacts to
the copper holder. They were typically 500 A
thick and exhibited a red transparency. The
sample was inserted into the same gold-coated
spherical analyzer as used for trigonal Se, the
vacuum being 1x107'° Torr during and after
evaporation. The photoelectric threshold for the
(1010) face of selenium was determined to be
5.9+0.1 eV. Since the width of the first conduc-
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tion-band triplet (p,) in trigonal selenium is
about 3 eV, with the minimum being located
about H, some eV above the top of the valence
band,! it follows that no details of the p, band
can be obtained from a photoemission investiga-
tion.

The structures obtained in the second deriva-
tive of the photoelectron energy distribution
from crystalline selenium are given in Fig. 2
as a function of photon energy between 6.3 and
8.9 eV. The experimental yield of the samples
used was found to be small, of the order of 10-*
electrons per absorbed photon at 8 eV, for un-
polarized light. Further reduction of the yield
was imposed by the polarizer, which limited the
measurements with polarized light to the energy
range 7.2-8.1 eV. Over that energy range, the
spectra exhibited a number of polarization-de-
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FIG. 2. Energy diagram of structures appearing in
the photocurrent third harmonic for trigonal Se (tri-
angles, no polarization; small circles, i Il S; squares,
£ 13) and for amorphous Se (large circles) as a function
of photon energy. Final-state energy levels & refer to
the valence-band edge. Valence-band DOS structures
are also referred to the valence-band edge (where &
—hv =0) on the 45° axis across the diagram. In the in-
sert are shown two spectra obtained at zv=8.1 eV from
a trigonal Se (1010) face (solid line) and from an amor-
phous Se film (dashed line). Between 7.3 and 8.0 eV
the oscillator strength remains nearly constant (see
Ref. 5), in which case the joint density of states can be
considered to account for the branching of 1, to 2, and
2, to 3, in that energy range (see Fig. 1 caption).

pendent fine structures whose intensity varied
sharply with energy and which lay within the
main structures that are described by strong
DOS features in either the conduction or the
valence band. The behavior of these fine struc-
tures is consistent with DOS features which are
well localized in k space [Fig. 1(a)]. The struc-
tures that lie on curves about the 45° axis in
Fig. 2 may be assigned to high DOS in the valence
band and read as initial-state energies (§ - hv),
where the energy zero is taken as the top of the
valence band. Structures which move across the
diagram along complex curves are typical of
direct transitions in which features in the joint
density of initial and final states are operative,
In addition, indirect processes together with
relaxation can lead to dominant structures in
the electron energy distribution, which provide
specific information on the location of high con-
duction-band DOS.

We shall discuss first the crystalline case.
The structure labeled 1_, stable at 6.15 eV, is
present in all of the traces obtained and is not
strongly polarization sensitive. This structure
can be assigned to the low-energy edge of the
DOS of the second conduction band, which mainly
contains contributions from states near K and L.
The structure 1, appears at Zv=6.5 eV. It per-
sists throughout the measurements and moves
according to the increase in photon energy. It
occurs mainly for E L1¢ and is centered some
—~0.2 eV below the valence-band edge. Transi-
tions from a region around H are responsible for
the upper section of 1, close to the valence-band
edge, between 0 and -0.2 eV, while the rest of
the top plane in the Brillouin zone contributes to
the extension of 1, down to about -0.5 eV, This
assignment explains both the strong polarization
dependence of 1, for points very close to the
valence-band edge (in agreement with selection
rules! about H) and its rather small relative in-
tensity.

At about Zv="7.2 eV, a strong structure 2, be-
gins which remains stable at §=6.9 eV, increas-
ing rapidly in strength up to Zv=8.0 eV. We note
that in the DOS spectrum of Fig. 1(a), a very
sharp peak is present at 7.1 eV, which can es-
sentially be assigned to the top plane of the Bril-
louin zone. If, in addition, we note that 2, starts
very close to 1, at 0.1 or 0.2 eV below the val-
ence-band edge (i.e., from initial states about
the top of p, at H), we may conclude that 2, cor-
responds to the low-energy edge of this large
peak in the conduction band DOS. For photon en-
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ergies between 7.0 and 7.2 eV, the transitions
are direct between the top of p, and the bottom of
the second conduction band about H, then become
indirect on increasing /v, with initial states ly-
ing as low as —1.3 eV (L point in Sandrock’s no-
tation). Structures 2, and 3,, although well
separated at low energies, tend to mix and ex-
tend from -0.5 to —1.0 eV. A comparison with
Fig. 1(a) shows that 2, can be assigned to tran-
sitions in slice 3. The structure 3, is due to
transitions occurring mainly in slices 2 and 4 of
the Brillouin zone. In the ¢, spectra, a strong
peak observed between 7.5 and 8.0 eV was attri-
buted to transitions between p, and the lowest
sub-band of the second conduction band.’® This
structure is due to a strong anisotropic-oscil-
lator strength mostly near the %2,=0 plane, with
transitions at K only allowed for E &, The photo-
emission spectra do exhibit polarization depen-
dence between 7.5 and 7.9 eV, with a strong
E I substructure localized 0.7 eV below the
valence-band edge. This detail supports both
Sandrock’s interpretation of €, spectra and the
proposed 2, assignment. Deeper in the valence
band, two other structures, 4, and 5,, appear
at nearly —1.6 and —-2.1 eV, respectively. In
addition, 2, reappears when electrons are being
excited from 4,, at nv=8.5eV. From Fig. 1(a)
we conclude that 4, is contributed by transitions
along A and slice 3 [Fig. 1(a)], and 5, by transi-
tions from the whole Brillouin zone. The struc-
ture 5, stabilizes into 3, for zv=8.7T eV at &
=6.5 eV. It corresponds to a high density of
states in the s conduction band, as pointed out
in Fig. 1. Additional data were obtained up to
11 eV. A new structure appears around 2y =9.2
eV and remains stable at —2.5 eV, indicating the
bottom of p,. It corresponds to a peak in Fig.
1(a) at —2.6 eV. Transitions initiated at the top
of p, start at ~v=9.6 eV and result in a strong
peak in our data at —3.4 eV in agreement with
other work® and the actual DOS of Maschke and
Thomas.™

Second-derivative spectra of electron energy
distribution curves were obtained from amor-
phous Se layers in the range 7.3 to 8.1 eV, the
extent of this range being limited by the very low
yield found for these films, which was two orders
of magnitude lower than for trigonal Se. As
shown in the insert of Fig. 2, the amorphous and
crystalline Se obtained at 8.1 eV reveal a strong
difference. Two peaks, labeled 1,, and 2,,, in
the amorphous Se spectra stand around 0,7 and
—-1.4 eV, respectively. They correspond to
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peaks at nearly -0.9 and —1.4 eV, respectively,
in Fig. 1(b). These two are essentially caused
by the preservation of the A contribution to the
DOS (small imaginary parts) when going from
the crystalline to the amorphous structure. On
the other hand, structure 2, has disappeared
totally, in agreement with the computed amor-
phous Se DOS. The next interesting point is that
the structure 1, does not show up for amorphous
Se, at least not as a well-resolved structure.
Instead, the high-energy edge of these spectra
consists of a smooth ramp, probably extending
slightly over the valence-band edge as located
in crystalline Se. This might be interpreted in
terms of a DOS tailing the p,-p, band gap, but no
definite conclusions can be drawn on this point
from these measurements since the energy res-
olution, 150 meV in this case, is probably of the
same order of magnitude as the tailing of the
DOS in amorphous Se, The low-energy edge of
the amorphous Se spectra remains stable and
results in the structure 1, at £=6.3 eV (photo-
electric threshold was found to be 6.15 eV for
amorphous Se). This structure results from a
mixing of contributions from all sections of the
Brillouin zone and corresponds to a shoulder in
the DOS as shown in Fig. 1(b). The additional
structures at - 2.0 and - 2.5 eV, predicted to
persist in the amorphous Se spectra, appear
above iv=8 eV and therefore were not detected
within the photon energy range used for amor-
phous Se. All three structures observed in amor-
phous Se spectra can be considered as confirming
theoretical estimates, These measurements
show very clearly the effects of disorder in the
conduction- and valence-band DOS of selenium.
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The reflectivity of n-type InSb has been measured in the far infrared. The doping of
the samples was such that the free-carrier plasma frequency was near the LO mode fre-
quency. The results suggest that samples with a sufficiently thick damage layer show ef-
fects due to surface plasmons. Use of a simple model indicates that the surface-plasma

excitations are coupled to the phonons.

Surface-plasma excitations were observed by
Wood! but were not understood until much later.
The phenomenon of “ Wood’s anomalies” was then
used by Ritchie to study surface plasmons in Al
and Au.? Energy loss to surface plasmons by
high-energy electrons has been observed for a
number of thin metal films. More recently, en-
hanced photoemission from metals due to surface
plasmons has been observed by Spicer and co-
workers.® Tsui* has also observed the interac-
tion of tunneling electrons with surface plasmons
in degenerate n-type GaAs. Ngai, Economou,
and Cohen® have provided a theoretical interpre-
tation of Tsui’s measurements.

For metals, the surface-plasmon frequency is
in the visible, while for degenerate semiconduc-
tors this frequency is in the infrared. For ex-
ample, the surface-plasma frequency for the
GaAs samples of Tsui was about 800 cm ™ (100
meV), considerably above the phonon frequencies
in that material. We report reflectivity measure-
ments for Te-doped InSb samples with surface-
plasmon frequencies in the 200-cm™! range.
Thus, the surface-plasmon frequencies lie near
the longitudinal optical-phonon frequencies. This
considerably complicates the problem since cou-
pling between the surface plasmons and the opti-
cal phonons is now possible. Our data, in fact,
show that such coupling is important. We shall

use a very simple model in which retardation ef-
fects are neglected to explain qualitatively our
observations. Of course, retardation effects will
be important for the relatively small wave vec-
tors used in our experiments, and a more com-
plete interpretation awaits a theory including the
surface-plasmon-optical-phonon coupling and re-
tardation.

The InSb samples were Te doped. Reflectivity
measurements were made with three different
impurity concentrations such that the free-carri-
er plasma frequency was in the range 160 to 269
cm™'. The plasma frequency w, is related to the
free-carrier concentration by

w,2=4TNe?/m *€ .

1

The k=0 longitudinal optical phonon of InSb is ap-
proximately 190 cm™. A commercial far-in-
frared Michelson interferometer was used with
which the angle of incidence and the polarization
of the incident beam could be varied.

Clean, optically polished samples gave results
in substantial agreement with published reflectiv-
ities.® In an attempt to adapt the method used by
Ritchie® for metals, a grating of 80 lines per cm
was cut on all the grating samples. The grating
profile was semicircular with 63.5- um-diam
grooves separated by 63.5-um uncut strips
(see inset on Fig. 1). A spark cutter was used
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